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Transient receptor potential cation channel, subfamily V member 1 (TRPV1, also known as vanilloid receptor 1) is a receptor that 
detects capsaicin, a pungent component of chili peppers, and noxious heat. Although its function in the primary nociceptor as a pain 
receptor is well established, whether TRPV1 is expressed in the brain is still under debate. In this study, the responses of primary 
cortical neurons were investigated. Here, we report that 1) capsaicin induces caspase-3-dependent programmed cell death, which 
coincides with increased production of nitric oxide and peroxynitrite ; that 2) the prolonged capsaicin treatment induces a steady 
increase in the degree of capase-3 activation, which is prevented by the removal of capsaicin; 3) and that blocking calcium entry 
and calcium-mediated signaling prevents capsaicin-induced cell death. These results indicate that cortical neurons express TRPV1 
whose prolonged activation causes cell death. 
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INTRODUCTION 

Capsaicin (8-methyl-N-vanillyl-6-nonenmide) from red 
peppers elicits painful sensation by directly activating TRPV1 
expressed in the unmyelinated C fibers or the small myelinated 
AS fiber of primary sensory neurons [ 1] . After cloning the TRPV1 
as the capsaicin receptor, many highly related members of TRP 
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channel families have been identified [2-4]. To date TRPV1 
is the only channel that can be activated by capsaicin. TRPV1 
is mainly expressed by nociceptors, the specialized subset of 
primary sensory neurons in the dorsal root and trigeminal ganglia 
dedicated to the detection of noxious stimuli, and is activated 
by vanilloid ligands such as capsaicin, noxious heat or acid [5]. 
Accumulating evidence suggests that TRP VI is also expressed 
across the central nervous system such as in the forebrain, the 
midbrain tegmentum, the hindbrain and the hypothalamus, and 
prolonged capsaicin treatment to animals induces degeneration in 
these brain regions [6]. Although the expression of TRP VI in the 
central nervous system (CNS) has been suggested by many studies 
[7], it is still under debate to which degree the expression data can 
be functionally relevant as many of these "TRPVl-positive" do 
not respond to capsaicin in calcium imaging assay [8]. Indeed, It 
is still unclear whether TRPV1 signaling is a prevalent mode to 
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detect noxious stimuli in the brain, as capsaicin produces varying 
effects depending on the developmental stage and the location [9]. 
Although TRPV1 is a non-selective cation channel, calcium in the 
most important ion that mediates capsaicin-mediated cell death 
[10]. Sustained elevation in intracellular calcium concentraion 
activates various secondary mechanisms that induces the 
increased production of reactive oxygen and nitrogen species and 
ultimately the programmed cell death [11, 12]. In this study, we 
show that TRPV1 is expressed in primary cortical neurons and 
that capsaicin induces capasae 3-dependent programmed cell 
death, which can be prevented by inhibiting calcium-mediated 
signaling. 

MATERIALS AND METHODS 

Animal and reagents 

The ICR mice were purchased from Samtako Co. (Kyunggi, 
Korea). Sodium bicarbonate, HEPES, glutamine and MEM 
medium (#330-1430) were obtained from Gibco BRL (Grand 
Island, NY), and fetal bovine (FBS) and horse serum supplied 
by Hyclone Co. (Logan, UT). Capsaicin, agmatine, NADPH, 
nitroblue tetrazolium, CoCl 2 and Griess reagent were obtained 
from Sigma Chemical Co. (St Louis, MO). The anti-capsaicin 
receptor sera and the anti-nNOS sera were purchased from 
Oncogene Research Products (Cambridge, MA). All the plastic 
ware was bought from Nunc Co. (Naperville, IL). Other chemicals 
were of research grade. 

Primary neuronal culture 

Embryonic pup brains were extracted from rat (E17-19) and 
placed in a petri dish containing HBSS. The tissue were transfered 
to 50 ml sterile tube and then were allowed to settle to bottom of 
tube and aspirate off excess HBSS (Hank's buffered salt solution) 
using 5 ml pipet. Next, we add 30 ml trypsin (Sigma) to tube 
containing tissue, and place in a 37°C water bath for 17 minutes. 
In that containing tube, add 1 ml FBS and mix by inverting 
tube. With a 5 ml pipet, aspirate as much of the FBS off of tissue 
as possible taking care not to aspirate any tissue. And we wash 
1-2 times with plain HBSS. To each tube of washed tissue, add 
5 ml HBSS and pipet up and down to break up tissue. And then 
divide the above 5 ml tissue suspension between two 15 ml 
tubes, and triturate suspension with sterile 9 Pasteur pipet. Filter 
cell suspension from each tube through a 40 micron nylon cell 
strainer (Fisher). And spin filtered cell suspension. Cell lysis and 
subsequent release of genomic DNA may lead to the formation of 
tissue clots. Resuspend pellet in full plating media (Neurobasal/ 
B-27/L-glutamine/antibiotic). And also resuspend in about 2 



ml per embryonic brain. Next, take 20 ul of resuspended culture 
and add 1 ul trypan blue. Count viable (round and bright) cells, 
and plate on poly-D-lysine treated plasticware. And plate cells 
at low density for imaging (3x10 cells/35 dish with coverslip; 
2x10 cells/well of 6-well plate), or plate at a high density 
for biochemistry (3xl0 6 cells/well of 6-well plate) as soon as 
possible. Cultures maintained for at least one week to allow 
for differentiation. Cultures were maintained in a humidified 
atmosphere of 95% air and 5% C0 2 at 37°C. Culture media were 
replaced totally every 3 days. NSCs of 2 week culture were used 
for the experiment. 

Chemical treatment 

Neuronal cell death was investigated in a neuron culture treated 
with capsaicin (final concentration: 10, 100 uM). The culture 
media was changed with a balanced salt solution 5.5 (160 mM 
NaCl, 5.36 mM KC1, 0.81 mM MgS0 4 , 1 mM NaH 2 P0 4 , 10 mM 
HEPES, 1.8 mM CaCl 2 , 14.7 mM NaHC0 3 , 5.5 mM glucose, 
pH7.4) prior to capsaicin treatment. In order to inhibit the NOS 
activity, agmatine was added in the culture at 100 mM, and then 
incubated for 12 h prior to capsaicin treatment. In terms of the 
caspase inhibitor, the neurons were pre- incubated 1 h before the 
capsaicin was added. In the experiments associated with calcium, 
the calcium free condition was prepared by excluding calcium in 
the BSS 5 5 media, and the calcium channel blocker, Nifedipine, was 
added to the BSS 5 5 media at 1 uM. EGTA, cation-chelating agent, 
was added in the culture at 50 uM. 

Hoechst-propidium iodide nuclear stain 

Based on the form of the nucleus fragmentation and the loss 
of the plasma membrane, apoptotic cells can be discriminated 
from non-apoptotic cells using a propidium iodide and Hoechst 
33258 staining solution (Sigma Co., St Louis, MA). Highly 
charged propidium iodide cannot enter intact cells whereas 
Hoechst can pass through either an intact or dead cell membrane. 
Consequently, the cells were stained with the Hoechst-propidium 
iodide to measure the number of apoptotic and necrotic cells and 
to calculate each cell. The Hoechst stain solution was added into 
the growth media at 2-5 ug/ml, and incubated for 30 mm at 37°C 
Subsequently, the propidium iodide solution was added into the 
media at the same concentration as the Hoechst stain. The extent 
of cell damage was observed by fluorescent microscopy (Olympus 
microscope, Japan). 

Measurement ofLDH activity 

The release of LDH is a widely used index of cellular injury. The 
amount of total LDH released from 100% cell deathnamed "full 
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kill" was determined at the end of the experimentby freezing the 
NSCs at -70°C and rapid thawing. The extentof cell death was 
expressed as percentage of full kill. LDH% was calculated against 
the percentage of full kill. 

Determination of caspase-3 activity 

After incubating the primary cultured neurons in a 24-well plate, 
the culture media was replaced by BSS5.5 media. The neuronal 
culture was treated with capsaicin, which was then harvested at 
the appropriate times. The caspase-3 activity was measuredas 
described in the procedure of Blom et al. [13]. The neurons were 
lysed in a 100 ul cell lysis buffer by freezing at -20°C followed by 
rapid thawing. The lysate was centrifuged at 15,000 x g for 20 
min, and 20 ul of the supernatant was used for incubation with 
2 ul DEVD-pNA (Calbiochem, La Jolla, CA, USA). The reaction 
mixture was incubated at 37°C for 3 h, and then measured at 405 
nm by a plate reader. The specific caspase-3 activity was calculated 
from the relative absorbance of the sample to a control using the 
standard pNA curve. The protein concentration was determined 
by a BCA protein assay solution (Pierce, Rockford, IL, USA). 

Determination of nitrite (N0 2 ) 

In order to determine the level of nitrite production in the 
neuron cultures, each culture treated with capsaicin and agmatine 
(each 100 ul) was transferred to 96-well plates. The Griess reagents 
(100 ml) were added to the plate and incubated for 15 min at room 
temperature. Subsequently, the absorbance was measured at 540 
nm. Standards were prepared with nitrite solution instead of the 
sample [ 14] . The nitrite concentration in the sample was calculated 
by comparing the absorbance of the sample with a nitrite-standard 
curve. 

Immunocytochemistry 

The capsaicin receptor and nNOS expression distribution in the 
CNS neurons were investigated by immunohistochemistry using 
the avidin-biotin-peroxidase complex (ABC) method using mouse 
polyclonal anti-capsaicin receptor sera and anti-nNOS sera. The 
cultured primary pure neurons were reacted with polyclonal anti- 
capsaicin receptor sera (Dilution: 2 ug/ml) as the first antibody. 
The biotin labeled immunoglobulin and avidin-biotin-peroxidase 
complex, which specifically bound to the 2nd antibody were used 
as a 2nd and 3rd reagent, respectively. Finally, a mixed solution of 
0.05% 3,3'-diaminobenzidine-tetrahydrochloride and 0.01% H 2 0 2 
was used as the developing solution, and was observed by optical 
microscopy. In terms of nNOS expression, the above procedure 
was used except for the use of polyclonal anti-nNOS sera. 
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Fig. 1. Measurement of cell death (A) and caspase activity (B) after 
capsaicin treatment in the primary cultured neurons from various brain 
region. Control (C) and capsaicin treatment (D) Hoechst-PI image in the 
cortex . Control (E) and capsaicin treatment (F) Hoechst-PI image in the 
hippocampus. 

RESULTS 

Capsaicin-induced cell death of the cortex and hippo- 
campus neurons 

Lactate dehydrogenase (LDH) is an enzyme that catalyzes 
the interconversion of pyruvate and lactate with concomitant 
interconversion of NADH. LDH is expressed in almost all cells 
and its release is a widely used indicator of tissue damage and cell 
death. Treating capsaicin for 24 hours resulted in high increase 
in LDH release from cultured cortical and hippocampal neurons 
indicating cell death (Fig. 1A). Concomitantly, capsaicin-treated 
cells showed an increased the level of active caspase-3 (Fig. IB) 
and apoptotic morphology as evidenced by propidium iodine - 
Hoeschst assay (Fig. 1C-F), suggesting that prolonged capsaicin 
treatment induces caspase-3-dependent apoptosis in these cells. 
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Fig. 2. Hie difference of caspase-3 activity according to incubation time 
with capsaicin in the cortex neuron. 

Time-course of caspase-3 activation 

Caspase-3 is the executioner of apoptosis, whose signaling 
requires Ca 2+ . Having established that capsaicin treatment 
induces apoptosis in primary cortical and hippocampal neurons, 
we investigated mechanisms underlying capsaicin-induced cell 
death using cortical neurons as a model. First we determined the 
time course of capsaicin-induced caspase-3 activation. The level 
of active casepase-3 increased sharply in 6 hours of capsaicin 
treatment and remained high for the duration of the study (24 
hours) (Fig. 2). Withdrawing capsaicin after 12 h treatment 
decreased the overall activity of caspase-3, which returned to 
the baseline level in additional 12 hours (Fig. 2). These results 
indicate that sustained capsaicin treatment exerts incremental 
effects on cell death and suggest that inhibiting capsaicin- and 
TRPV1 -mediated signaling can reverse capsaicin-mediated 
toxicity. 

Direct effect of calcium ions on capsaicin-induced cell 
death of neurons 

We previously showed that capsaicin induces apoptosis of 
cortical neurons that express TRPV1 [9], Although TRPV1 is a 
non-selective cation channel and thus capsaicin treatment induces 
the flux of several ions such as Na + and Ca 2+ , Ca 2+ is a key mediator 
of apoptosis. Therefore, we investigated whether blocking various 
stages of calcium signaling affects capsaicin-mediated apoptosis. 
We pre-treated the cortical neurons with Nifedipine, a blocker 
of voltage-gated L-type calcium channel, calcium-free medium, 
or medium containing 50 uM EGTA- a calcium chelator, before 
capsaicin treatment. The cells pretreated with Nifedipine and 
cultured in calcium free media showed a reduction in apoptotic 
cell death (Fig. 3E). In terms of EGTA treatment, the neurons were 
protected from cell death using a LDH assay whereas apoptotic 
patterns of the nuclei were observed in most cells by Hoechst- 




Fig. 3. Measurement of cell death and fluorescence micrographs 
(Hoechst-PI stain) of primary cortex neurons pretreated with calcium 
blocker, followed by 10 uM capsaicin treatment. (A) LDH assay, (B) 
control, (C) capsaicin only, (D) calcium free, (E) 1 uM nifedipine, (F) 
50 uM EGTA. Capsaicin-induced cell death were attenuated when a 
nifedipine, calcium channel blocker, and calcium free media were applied. 

PI staining. These results suggested that apoptosis is induced in 
the cells pretreated with EGTA. However, membrane damage is 
insufficient to release adequate amounts of LDH protein into the 
culture media. Whereas, the neurons pretreated with Nifedipine 
showed no apoptosis, which is similar to those of the LDH assay 
(Fig.3A). 

nNOS activation in the primary cultured neurons treated 
with capsaicin 

Nitric oxide (NO) is a key mediator that links increased cal- 
cium signaling to apoptosis. We reasoned that capsaicin 
treatment will activate an calcium- and NO-dependent apoptosis 
in cortical neurons. We measured the expression and activity 
of nitrix oxide synthase (NOS) by neuronal NOS (nNOS) 
immunohistochemistry (Fig. 4). Capsaicin treatment increased 
both nNOS expression, indicating that capsaicin activates a 
signaling cascade that results in the increased production of NO 
(Fig. 4). 
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Fig. 4. Immunostaining against nNOS in the primary cultured neurons 
from cortex region. (A) Control, (B) capsaicin treatment. 



Determination of peroxynitrite formation by immune- 
cytochemistry 

Peroxynitrite (ONOO") is an oxidant and nitrating agent, 
which can damage DNA and proteins, and is a useful indicator of 
oxidative stress. We measured peroxynitrite (ONOO ) in cortical 
neurons and found that capsaicin treatment increases it. This 
result is consistent with the previous results of this manuscript 
indicating that prolonged capsaicin treatment induces calcium 
channel mediated apoptosis (Fig. 5). 

DISCUSSION 

Our results indicate that capsaicin can induce cell death in 
primary cultured neurons by apoptosis consistent with previous 
reports by Sugimoto et al. [15, 16]. In the nervous system, 
Caspase-3 and caspase-9 are activated in neurons following 
peripheral nerve injury, ischemia [17-19]. Whereas caspase can 
be activated by extrinsic and intrinsic signals, whether capsaicin 
stimulation directly activates caspases has not been demonstrated. 
Our data showing that capsaicin induces LDH release and 
apoptotic nuclear morphology support this possibility. Ca 2+ 
is a key mediator of apoptosis [3, 20]. Capsaicin activates Ca 2+ 
signaling by promoting Ca 2+ influx through TRP V 1 channels [21- 
24], which leads to p38- and oxidative stress-induced cell death 
[25] . Capsaicin stimulation preferentially activates other Ca 2+ - 
dependent pathways such as caspase signaling [26, 27], as TRPV1 
has higher conductance of Ca 2+ compared to those of Mg 2+ , Na + 
or other cations [28]. In this study, we investigated how capsaicin- 
induced apoptosis in different primary neurons is affected 
by Ca 2+ and found that preventing a rise in intracellular Ca 2+ 
attenuates capsaicin-induced cell death. Mediators of apoptosis 
downstream of Ca + include caspases and nitric oxide (NO). NO, 
whose production is regulated by nitrix oxide synthase (NOS), 




Fig. 5. Determination of peroxynitrite (ONOO ) formation by immuno- 
cytochemistry using anti-nitrotyrosine. (A) Cortex (control), (B) cortex 
(capsaicin treated). 



can cause multiple effects such as energy depletion-induced 
necrosis and apoptosis [29]. In particular, a high concentration 
of NO inhibits mitochondrial cytochrome oxidase in neurons 
and inhibits mitochondrial function [30, 31]. Neuronal NOS 
(nNOS) is a neuron-specific subtype of which produces NO 
using L-arginine and oxygen as a substrate [32, 33]. NO plays 
important roles as a signaling molecule; a vasodilator in the 
vascular system, a defensive molecule in phagocytes, and a cell 
signaling molecule that activates guanylyl cyclase and increases 
the amount of cGMP as an intercellular messenger. NO and NO 
metabolites known as reactive nitrogen species (RNS) ultimately 
induce the oxidation, nitration (addition of NO z ), nitrosation 
(addition of NO + ), and nirosylation (addition of NO) of most 
biomolecules [34]. This study demonstrates that capsaicin 
induced the activation of NO through the augmentation of nNOS 
expression and NOS activity. Several researches provided that NO 
exerts cytotoxicity when it is transformed to peroxynitrate [28, 
35, 36]. In this study, we assessed the amount of peroxynitrate by 
measuring the relative amount of protein nitration and showed 
that capsaicin stimulation induces an increase in peroxynitrate 
in cortical neurons. Together, our results indicate that capsaicin, 
acting directly on TRP VI expressed in primary cortical neurons, 
induces Ca 2+ -dependent apoptosis by mechanisms that involve 
casapse 3 activation, NO synthesis, and an increased production 
of peroxynitrate. As TRPV1 is activated by high temperature 
(42C), our data not only suggest that a sustained hyperthermia 
may induce irreversible damage to the central nervous system by 
increase neuronal apoptosis, but also that promptly lowering an 
elevated body temperature may be the efficient way to prevent 
further damage. Further research on the relationship between 
NO and caspase pathways will reveal more sights into TRPV1- 
induced cell death in the central nervous system. 
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